Neurotransmission depends on presynaptic membrane retrieval and local reformation of synaptic vesicles (SVs) at nerve terminals. The mechanisms involved in these processes are highly controversial with evidence being presented for SV membranes being retrieved exclusively via clathrin-mediated endocytosis (CME) from the plasma membrane or via ultrafast endocytosis independent of clathrin. Here we show that clathrin and its major adaptor protein 2 (AP-2) in addition to the plasma membrane operate at internal endosome-like vacuoles to regenerate SVs but are not essential for membrane retrieval. Depletion of clathrin or conditional knockout of AP-2 result in defects in SV reformation and an accumulation of endosome-like vacuoles generated by clathrin-independent endocytosis (CIE) via dynamin 1/3 and endophilin. These results together with theoretical modeling provide a conceptual framework for how synapses capitalize on clathrinindependent membrane retrieval and clathrin/ AP-2-mediated SV reformation from endosome-like vacuoles to maintain excitability over a broad range of stimulation frequencies.
INTRODUCTION
Neurotransmission depends on the endocytic recycling of synaptic vesicles (SVs) at nerve terminals. During sustained activity efficient endocytic membrane retrieval is required to keep membrane surface area constant and SVs need to be reformed to replenish the SV pool (Dittman and Ryan, 2009; Saheki and De Camilli, 2012) . The mechanisms involved in membrane retrieval and SV reformation have been debated controversially over more than four decades (Ceccarelli et al., 1972; Cheung and Cousin, 2013) . Early studies of frog neuromuscular junctions (Heuser and Reese, 1973) and subsequent work on mammalian synapses have suggested that SVs reform by clathrin/AP-2-mediated endocytosis (CME) from the plasma membrane (Dittman and Ryan, 2009; Granseth et al., 2006; Kim and Ryan, 2009; Saheki and De Camilli, 2012) , a pathway that crucially depends on clathrin and its major adaptor AP-2 (Dittman and Ryan, 2009; McMahon and Boucrot, 2011) . A key role for clathrin/AP-2 in SV recycling is supported by the association of SV proteins with clathrin adaptors such as AP-2 and stonin 2 (Kononenko et al., 2013) and by the fact that clathrin-coated vesicles isolated from nerve terminals are highly enriched in SV proteins (Maycox et al., 1992) . Recent data using single optogenetic stimuli in the presence of high calcium concentrations paired with rapid flashand-freeze electron microscopy have challenged the proposal that SV membrane retrieval occurs exclusively via CME (Granseth et al., 2006) and instead suggest that SV membranes are recaptured via ultrafast (Watanabe et al., 2013) clathrin-independent endocytosis (CIE) involving vacuolar membrane invaginations akin to bulk endocytic membrane retrieval (Cheung and Cousin, 2013) .
Hence, in spite of more than 40 years of research, the role of clathrin and AP-2 in SV recycling has remained enigmatic. Here we show that clathrin and AP-2 mediate SV reformation from internal endosomal structures, whereas presynaptic membrane retrieval largely occurs by clathrin-independent endocytosis via dynamin 1/3 and endophilin. Our results provide a conceptual framework for how synapses capitalize on clathrin-independent endocytosis and clathrin/AP-2-mediated SV reformation from endosome-like vacuoles to maintain excitability.
RESULTS

Frequency Modulation of SV Membrane Retrieval
Mammalian CNS neurons can respond to a broad range of physiological stimulation patterns ranging from a few to tens of hertz (Hz). One possible reason for the apparent discrepancies between various studies on SV recycling, thus, is that the mode of presynaptic membrane retrieval may depend on the frequency of stimulation. To probe how stimulation frequency affects SV membrane retrieval in hippocampal neurons, we employed the pH-sensitive fluorescent protein pHluorin fused to the lumenal domain of the SV calcium sensor synaptotagmin 1 (Syt1-pHluorin) (Kononenko et al., 2013) . PHluorins undergo quenching within the acidic SV lumen and are dequenched upon exocytotic fusion, thereby serving as reporters for SV exo-/endocytosis and subsequent reacidification (Granseth et al., 2006; Kim and Ryan, 2009) . Hippocampal neurons were probed with identical numbers of action potentials (APs) applied at either moderate (5 Hz) or high (40 Hz) frequency and SV exoendocytosis was monitored by tracing Syt1-pHluorin fluorescence. The relative peak fluorescence of Syt1-pHluorin at the end of the stimulation period was significantly lower when neurons were stimulated at 5 Hz compared to 40 Hz ( Figures 1A and 1B) . To probe whether this difference reflects elevated exocytotic fusion or reduced during-stimulus endocytosis at 40 Hz, we applied the H + -ATPase inhibitor folimycin. This drug prevents reacidification of internalized membranes, thereby allowing us to quantitatively determine exocytotic membrane fusion as well as endocytic membrane retrieval during stimulation (Kim and Ryan, 2009 ). Syt1-pHluorin peak amplitudes (Figure S1A available online) and release rates ( Figure S1B ) elicited by 200 APs applied at 5 Hz or 40 Hz were identical under endocytosis-blinded conditions in the presence of folimycin. By contrast, prominent during-stimulus endocytosis was observed at 5 Hz but barely detectable at 40 Hz ( Figures 1C and 1D ). To visualize endocytic intermediates under these conditions, we employed electron microscopy ( Figures S1C and S1D ). Synapses stimulated with 200 APs applied at 5 Hz accumulated endocytic plasma membrane clathrin-coated pits, intermediates of CME, but also free endosome-like vacuoles (Figures S1C and S1D; 1G, and 1H) . During high-frequency stimulation the number of endosome-like vacuoles increased, while plasma membrane clathrin-coated pits were more rarely detected (Figures 1Fi-1Fiv, 1G, and 1H ). Less frequently, we also observed plasma membrane invaginations (Figures 1Fiii and 1Fiv ) that sometimes were capped by clathrin-coated buds at their ends (Figure 1Fiv ).
Clathrin/AP-2 Contribute to Membrane Retrieval at Moderate Frequency but Are Dispensable for Membrane Retrieval under Conditions of High-Frequency Stimulation The distinct morphological intermediates and the different fraction of endocytosis during low-versus high-frequency stimulation could conceivably either reflect a single mode of SV endocytosis running through distinct kinetic bottlenecks or different endocytic modes operating in parallel. It has been proposed that SV membrane retrieval at hippocampal synapses occurs exclusively via CME (Granseth et al., 2006) . We put this proposal to the test by depleting neurons of endogenous clathrin using lentivirally delivered shRNA. Clathrin knockdown led to a strong reduction of endogenous clathrin levels to about 25%-30% of that observed in controls ( Figures S2A and S2B ) and a concomitant inhibition of CME of transferrin ( Figure S2C ), in good agreement with earlier studies in neurons (Granseth et al., 2006) . We then monitored exoendocytosis and reacidification of Syt1-pHluorin in clathrin-depleted neurons stimulated with 200 APs at 5 Hz or 40 Hz. Clathrin-depleted neurons remained exocytosis competent, although the rate of exocytosis was slightly reduced by about 25% ( Figure S2D ; consistent with recent findings [Hua et al., 2013]) . Surprisingly, clathrin depletion did not result in a block of activity-dependent endocytosis as claimed before (Granseth et al., 2006) (Figures 2A-2D ). Quantitative measurement of Syt1-pHluorin peak fluorescence in the absence or presence of folimycin revealed a significant reduction of during-stimulus endocytosis rate ( Figure S2E ) and extent (Figures 2A and 2B) in clathrin knockdown neurons when compared to scrambled shRNA-treated controls. Slowed endocytosis and reacidification at 5 Hz was also overt from the analysis of the poststimulus Syt1-pHluorin fluorescence decay reflected by a doubling of the time-for-decay to reach 1/e of the initial value (t) ( Figure 2C ; t ctrl = 24 ± 3 s, t CHC = 49 ± 7 s). These data indicate that clathrin and by extension CME contributes to compensatory membrane retrieval at hippocampal synapses stimulated at 5 Hz, though it does not appear to be essential.
We reasoned that perhaps CME at synapses operates faster than in nonneuronal cells and therefore the small amounts of clathrin remaining after RNAi would suffice to sustain CME at a lower rate. If that would be the case, then the phenotype of clathrin depletion should become more prominent under conditions of high-frequency stimulation, where massive SV exocytosis occurs during a short time. Strikingly, Syt1-pHluorin exoendocytosis proceeded unaltered in clathrin-depleted neurons stimulated with 200 APs at 40 Hz with a near-identical t value to that measured in control neurons ( Figure 2D ; t ctrl = 37 ± 3 s, t CHC = 34 ± 2 s). Membrane retrieval also proceeded unperturbed in neurons stimulated with 40 APs at 20 Hz and with only a slight delay if ten APs at 20 Hz were applied (Figures S2F and S2G) , contrary to an earlier report (Granseth et al., 2006) . Hence, clathrin appears to be dispensable for membrane retrieval under high-frequency (20-40 Hz) stimulation.
To challenge these surprising results by independent means, we generated mice in which AP-2(m) was targeted for conditional deletion by appropriately placed loxP sites ( Figure S2H ). AP-2 is a heterotetrameric complex comprised of a, b, m, and s subunits that links clathrin and other endocytic proteins to sites of CME (Dittman and Ryan, 2009 ). Knockout of AP-2(m) in mice causes early embryonic lethality (Mitsunari et al., 2005) , and depletion of AP-2(m) in mammalian cells results in loss of the entire AP-2 complex and potent inhibition of CME (McMahon and Boucrot, 2011) . AP-2(m) lox mice were mated with a tamoxifen-inducible Cre line (B6.Cg-Tg(CAG-cre/Esr1*)5Amc/J) to generate a strain, in which tamoxifen application results in targeted deletion of AP-2(m). Treatment of primary hippocampal neurons prepared from AP-2(m) lox mice with tamoxifen resulted in a substantial depletion of AP-2 by about 80% (Figures S2I and S2J) until barely detectable by immunostaining ( Figures S2K and S2L ). Further AP-2 depletion below this level caused massive neuronal cell death consistent with the fact that AP-2(m) is an essential gene in mammals (Mitsunari et al., 2005) . SV membrane retrieval measured by Syt1-pHluorin in response to 40 Hz stimulation proceeded unperturbed ( Figure 2F ) and with about 2-fold slower kinetics at 5 Hz in AP-2(m) lox knockout (KO) neurons ( Figure 2E ), phenocopying clathrin loss of function. Thus, clathrin and AP-2 surprisingly are dispensable for membrane retrieval, at least under conditions of high-frequency stimulation. So, how are SV membranes retrieved during high-frequency stimulation if clathrin and AP-2 are dispensable? Recent data using single optogenetic stimuli in the presence of high calcium concentrations paired with rapid flash-and-freeze electron microscopy have suggested that SV membranes can be recaptured via CIE, a process inhibited by dynasore (Watanabe et al., 2013) , a compound that inhibits dynamin among other targets. To probe a possible function of dynamin in clathrin/AP-2-independent membrane retrieval at high frequency, we downregulated expression of the functionally redundant neuron-specific dynamins 1 and 3 (Ferguson et al., 2007) or of the ubiquitously expressed isoform dynamin 2 using specific siRNAs ( Figures  S2M and S2N ). Downregulation of dynamin 1/3 profoundly impaired endocytic retrieval of Syt1-pHluorin in neurons stimulated with 200 APs at 40 Hz ( Figure 2H ; t ctrl = 52 ± 4 s, t Dyn1,3 = 124 ± 13 s; in agreement with Ferguson et al., 2007) but only led to a minor slowing of Syt1-pHluorin endocytosis in neurons stimulated with 200 APs at 5 Hz ( Figure 2G ; t ctrl = 32 ± 3 s, t Dyn1,3 = 42 ± 6 s). A nearly identical phenotype was seen in neurons overexpressing a dominant-negative mutant version (endophilin1DH0) of the dynamin-binding NBAR protein endophilin (Figures S3A and S3B; in agreement with (Jockusch et al., 2005) , while expression of full-length endophilin 1A had no effect ( Figure S3C ). SiRNA-mediated downregulation of dynamin 2 expression led to a phenotype converse to that of dynamin 1/3 depletion: endocytic retrieval of Syt1-pHluorin was slowed only to a minor degree when 200 APs were applied at 40 Hz, whereas retrieval was significantly slowed if neurons were stimulated at moderate frequency ( Figures S3D and S3E ), similar to depletion of clathrin or AP-2 (Figure 2 ), suggesting that clathrin/AP-2 and dynamin 2 operate together as they do in nonneuronal cells (McMahon and Boucrot, 2011) . Taken together, these data demonstrate that SV membrane retrieval at hippocampal synapses challenged with high-frequency stimulation occurs largely by dynamin 1/3-and endophilin-mediated CIE, while both CIE and CME contribute to membrane retrieval at moderate stimulation frequencies.
A Mathematical Kinetic Model of SV Membrane
Retrieval via CIE and CME The experimental findings described thus far indicate that hippocampal synapses have evolved mechanisms to ensure efficient membrane retrieval over a range of stimulation frequencies involving CIE and CME. What determines the choice between CIE and CME and how does the frequency of stimulation affect this choice? To provide rational answers to these questions, we turned to mathematical kinetic modeling of exoendocytosis. We considered a simple scenario in which CIE and CME operate in parallel (consistent with Virmani et al., 2003) , are governed by Figure 1C. (B) Reduced fraction of during-stimulus endocytosis in clathrin-depleted neurons (61.4% ± 12.0% of scr-controls, p = 0.015). (C and D) Depletion of clathrin delays membrane retrieval induced by lowfrequency stimulation (C) (t shCHC = 49.0 ± 7.0 s versus t scr = 24.0 ± 2.6 s, p = 0.001). Endocytosis induced by high-frequency stimulation is unaffected (D) (t shCHC = 33.7 ± 1.8 s versus t scr = 37.4 ± 3.0 s, p = 0.281). n > 500 boutons/condition. (E and F) Deletion of AP-2(m) (mimics clathrin loss of function). Membrane retrieval induced by low-frequency stimulation is significantly slowed in the absence of AP-2 (E) (t AP-2loxP/Cre+EtOH = 24.6 ± 2.5 s versus t AP-2loxP/Cre+Tmx = 63.3 ± 12.7 s, p = 0.007), while endocytosis during high-frequency stimulation is largely unaffected (F) (t AP-2loxP/Cre+EtOH = 41.7 ± 2.9 s versus t AP-2loxP/Cre+Tmx = 47.0 ± 3.3 s, p = 0.232). n > 500 boutons/condition. (G and H) Depletion of dynamins 1 and 3 (see Figure S2M ) significantly delays membrane retrieval induced by high-frequency stimulation with 200 APs at 40 Hz (H) (t siDyn1,3 = 124.5 ± 13 s versus t scr = 52.1 ± 4.3 s, p < 0.0001), while endocytosis induced by low-frequency stimulation with 200 APs at 5 Hz (G) is affected only to a minor degree (t siDyn1,3 = 42.7 ± 5.9 s versus t scr = 32.4 ± 3.3 s, p = 0.120). Note the increased t in calcium phosphatetransfected scrambled siRNA-treated compared to nontransfected controls. n > 500 boutons/condition. (I and J) A theoretical model based on CME and CIE operating in parallel agrees well with experimental data. Data points are replotted from (A) for 5 Hz (I) or from Figure 1C for 40 Hz (J) with identical color coding. Solid lines represent model predictions with one set of parameter values determined by fitting all six data sets simultaneously. Note that the slight difference between model prediction and experiment in folimycin-treated cells at 40 Hz is likely due to bleaching that cannot be accounted for by the model. Under conditions of clathrin knockdown, it was assumed that the rate constant for CME was reduced to 30% (k CME_knockdown = 0.3 3 k CME , consistent with the level of clathrin knockdown and inhibition of CME of transferrin; Figures S2A-S2C) , while all other parameters were kept constant (see Table S1 for all parameter values). (K) Illustrated model: after exocytosis, the lumenal face of the SV switches from acidic pH (marked in dark) to the more alkaline pH of the extracellular environment, causing Syt1-pHluorin dequenching. Subsequent membrane retrieval and reacidification via parallel CME and CIE lead to fluorescence requenching. In the model, CME and CIE, and their subsequent acidification occur with different rate constants (k CME, and k CIE , respectively), are driven by fused vesicles (FVs), yet differ with respect to the stoichiometry of membrane internalization: CME internalizes single and CIE multiple (m) vesicle equivalents at once (see Figures S3G-S3I for details). All data represent mean ± SEM. See also Figures S2 and S3.
Neuron SV Reformation from Endosomes via Clathrin/AP-2 individual rate constants for membrane retrieval and acidification (k CIE , k CME ), but differ with respect to the stoichiometry of membrane retrieval: the size of clathrin-coated pits (Heuser and Reese, 1973) and vesicles (Maycox et al., 1992) at nerve terminals indicates that CME retrieves single vesicles. By contrast, CIE may occur via large invaginations that internalize multiple vesicle equivalents (Schikorski, 2014; Watanabe et al., 2013) and, thus, is cooperative ( Figure 2K ; Figures S3G-S3I) . Fitting the mathematical model to the experimental data obtained from pHluorin imaging allowed us to accurately reproduce stimulus-dependent changes in fluorescence decay as well as the different fractions of during-stimulus endocytosis elicited by 5 Hz or 40 Hz stimulation trains ( Figures 2I and 2J) . Reducing the rate of CME by clathrin knockdown to 30% of that in controls (k CME, shCHC = 0.3x k CME, Ctrl ; Figure 2K ) predominantly reduced endocytosis after 5 Hz stimulation ( Figure 2I ) but hardly affected membrane retrieval in response to 40 Hz stimulation ( Figure 2J ), in agreement with experimental results. The rapid accumulation of fused vesicle membranes (FV; Figure 2K ) induced by highfrequency stimulation, hence, favors CIE as a direct consequence of its cooperative nature. The parameters determined by the best fit of our model to the experimental data suggest that the rate constant for CIE is approximately twice as large as the one for CME.
Clathrin/AP-2 Mediate SV Reformation from Endosomelike Vacuoles
While these experimental and theoretical results indicate that activity-dependent membrane retrieval at synapses can occur via CIE, they do not rule out an important function for clathrin/ AP-2 in subsequent steps of SV cycling such as SV reformation (Heerssen et al., 2008; Kasprowicz et al., 2008 ), a reaction not probed by pHluorin measurements. To analyze such function, we stimulated clathrin-depleted hippocampal neurons with 200 APs at either 5 Hz or 40 Hz followed by rapid fixation and analysis by electron microscopy. Clathrin-coated pits were detected in control synapses stimulated at 5 Hz but were nearly absent in clathrin-depleted synapses ( Figure 3E ), in agreement with the Table S2. essential role for clathrin in coated pit formation and with the observed clathrin-sensitive endocytosis component at this frequency ( Figures 2C and 2E) . Moreover, clathrin-depleted neurons stimulated at either frequency displayed a significant reduction in the number of SVs ( Figure 3F ) and a concomitant accumulation of internal endosome-like vacuoles of different sizes (Figures 3Ai, 3Aii, 3Bi, 3Bii, and 3G) , similar to the vacuoles seen at D. melanogaster larval neuromuscular junctions following acute clathrin inactivation (Heerssen et al., 2008; Kasprowicz et al., 2008) . A phenotype closely resembling that elicited by clathrin depletion was observed in tamoxifen-treated AP-2(m) lox KO neurons: stimulation at 5 Hz resulted in the accumulation of clathrin-coated pits in vehicle-treated control synapses, which were virtually absent from AP-2(m) lox KO synapses ( Figure 3H ). Furthermore, AP-2(m) lox KO synapses stimulated at either 5 Hz or 40 Hz suffered from a partial depletion of SVs ( Figure 3I ) and a concomitant accumulation of endosome-like vacuoles ( Figures 3C, 3D , and 3J), most of which were disconnected from the plasma membrane, consistent with their proper acidification measured by pHluorin imaging (compare Figure 2F) and with electron tomography analysis (see below, Figure 4) . These ultrastructural data indicate that clathrin/AP-2 play an important role in the maintenance of SV pools and in the processing of endosome-like vacuoles that probably are derived from CIE, consistent with the appearance of clathrin-coated endosome-like vacuoles and a concomitant depletion of SVs in hippocampal neurons treated with the clathrin inhibitor Pitstop 2 (von Kleist et al., 2011) ( Figure S4 ). To challenge this hypothesis, we finally sought to analyze the functional effects of AP-2(m) loss of function under physiological activity levels in vivo. To this aim, we crossed AP-2(m) lox mice with a line expressing Cre recombinase under the control of the neuron-specific T1a-tubulin promoter (Cre-tub1a) (Coppola et al., 2004) . Homozygous AP-2(m) lox/lox /Cre+ mice displayed normal AP-2(m) levels at birth but lost neuronal AP-2(m) expression in the entorhinal and somatosensory cortex within the first 3 weeks of their postnatal life ( Figure 4A ) and died between postnatal days 21 and 23 (data not shown). Electron microscopic analysis of nerve terminals from the somatosensory cortex of these conditional AP-2(m) lox KO mice revealed a profound reduction in SV number ( Figures 4B-4D ) and a corresponding accumulation of endosome-like vacuoles compared to wild-type littermates ( Figures  4B, 4C , and 4E), while no apparent changes in the morphologies of the postsynaptic compartment or of the active zone were detected. Electron tomography analysis revealed that most of these endosome-like vacuoles had undergone complete fission from the plasma membrane, indicating that AP-2 is largely dispensable for endocytic plasma membrane retrieval in vivo ( Figures 4F-4I ). The incomplete depletion of SVs at AP-2(m) lox KO synapses probably reflects the fact that many synapses in these young animals do not yet have an extensive stimulation history and have suffered from complete loss of AP-2 only for a few days, during which the remaining amounts of AP-2 may suffice to partially replenish the SV pool. It is also possible that some SV reformation can occur in the absence of AP-2 (i.e., via AP-3). We conclude that AP-2 serves a key function in SV reformation from endosome-like vacuoles in mammalian CNS neurons in vivo.
DISCUSSION
We show here that clathrin/AP-2 and, thus, CME are not essential for retrieval of fused SV membranes in hippocampal neurons, in particular under conditions of high-frequency stimulation. Instead, mammalian neurons appear to have evolved a dynamin 1/3-and endophilin-dependent CIE mechanism that allows them to uncouple membrane retrieval from vesicle reformation once the rate of exocytotic membrane addition exceeds the capacity and slow speed of CME from the plasma membrane, consistent with our theoretical modeling data. This stimulation-dependent modulation of endocytic mechanisms at synapses may enable mammalian neurons to cope with stimulation-induced membrane expansion over a wide range of frequencies. We further show that SV reformation from endosome-like vacuoles (first observed by Heuser and Reese to contain clathrin coats more than 40 years ago [Heuser and Reese, 1973] ) largely depends on clathrin/AP-2, in agreement with a plethora of studies that had suggested a key role for the clathrin pathway in SV cycling (Dittman and Ryan, 2009; Heerssen et al., 2008; Heuser and Reese, 1973; Jockusch et al., 2005; Kasprowicz et al., 2008; McMahon and Boucrot, 2011; Saheki and De Camilli, 2012) and with the fact that clathrin-coated vesicles isolated from nerve terminals are highly enriched in SV proteins (Maycox et al., 1992) . These results further suggest that endosome-like vacuoles must preserve their plasma membrane identity to allow for clathrin/AP-2 coats to assemble (McMahon and Boucrot, 2011) in order to replenish the SV pool (in agreement with Hoopmann et al., 2010) . We therefore propose a model according to which the primary function of clathrin/AP-2-mediated CME is to regenerate SVs of proper size and composition irrespective of whether they bud from the plasma membrane proper (i.e., during sustained stimulation at low-to-medium frequencies) or from plasma membranederived endosome-like vacuoles (Hoopmann et al., 2010) generated by dynamin-dependent CIE. This model is consistent with prior observations that downregulation of AP-2(m) (Kim and Ryan, 2009) or knockout of the AP-2-associated endocytic adaptor stonin 2 (Kononenko et al., 2013) have surprisingly mild effects on the kinetics of membrane retrieval but cause a partial redistribution of synaptotagmin 1 to the neuronal surface, probably as a result of defective sorting over many SV cycles. Such surface-stranded SV proteins have been proposed to constitute a readily retrievable SV pool (Hua et al., 2011 ) that might conceivably be internalized by either CIE or CME. The results reported here are difficult to reconcile with earlier findings by Granseth et al. (2006) , who, using weak stimuli paired with bleach correction, found that SV membrane retrieval was completely inhibited in hippocampal neurons depleted of clathrin by siRNA. While the precise reason for the observed discrepancies is unknown, we note that neither clathrin knockdown nor conditional knockout of AP-2 in our hands led to a block in membrane retrieval under any stimulation condition.
We can only speculate at this time about the precise mechanisms mediating CIE. Morphologically, endosome-like vacuoles that accumulate in the absence of clathrin/AP-2 resemble bulk endosomes observed in a variety of systems (Cheung and Cousin, 2013) . Similar structures have also been reported by Watanabe et al. (2013) , following single optogenetic stimuli, though the time course of membrane retrieval is clearly distinct from that reported here. Our initial molecular analysis suggests that CIE induced by high-frequency stimulation depends on dynamin 1/3 and endophilin 1 as well as on actin polymerization ( Figure S3F ). Clearly, endophilin 1 fulfils an additional role at later stages of SV recycling in recruitment of synaptojanin that triggers uncoating during clathrin/AP-2-mediated SV reformation (Milosevic et al., 2011) . How precisely stimulation frequency modulates the choice between CME and CIE is unclear but may relate to the rate or amount of exocytotic membrane addition and/or the regulation of presynaptic calcium levels (Wu and Wu, 2014) . For example, fast membrane fission during CIE may be triggered by calcineurin-mediated dephosphorylation and activation of dynamin 1 (Armbruster et al., 2013) , resulting in the insertion of its PH domain into the membrane. We hypothesize that other types of mammalian neurons as well as other organisms capitalize on similar mechanisms of membrane retrieval at synapses or possibly even other cell types. Our work should thus pave the way to dissect these mechanistically and functionally in detail.
EXPERIMENTAL PROCEDURES Electron Microscopy
Cultured hippocampal neurons were grown and stimulated (at 27 C) as described for pHluorin imaging. Cultures were fixed within 10 s after the end of stimulation protocol by immersion into PBS-buffered 2% glutaraldehyde. Details on routine embedding and analysis can be found in Supplemental Experimental Procedures.
Statistical Analysis
The statistical significance for all data was evaluated with a two-tailed paired Student's t test. Significant differences were accepted at p < 0.05. See Supplemental Experimental Procedures for additional experimental procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures, four figures, and four tables and can be found with this article online at http://dx.doi.org/10.1016/j.neuron.2014.05.007.
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